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Chemical evolution from RGB 4199
Figure 5. Age distributions of red giants shown for both magnitude ranges. The three rows of plots are normalized to different totals (see Section 3.1), with
panels (a) and (b) normalized to the total population, panels (c) and (d) normalized to each age population, while panels (e) and (f) are normalized to each
metallicity population. The legend shown in panel (a) applies to all six plots. These data are also presented in the contour plots in Fig. 4 [panels (b) and (d)]
and the metallicity distributions in Fig. 6 for comparison. Please note the different scales for the stellar number densities.
high-quality photometry, where the star formation history (SFH) al-
lows it. A more detailed analysis of the relations between the age and
metallicity for our synthetic populations is provided in Section 3.1
along with age and metallicity distributions (see Figs 5 and 6).
3.1 Age and metallicity distributions
In order to thoroughly investigate the behaviour within the contour
plots (Fig. 4), we include here both metallicity and age distributions,
normalized in three different ways, shown in Figs 5 and 6. The first
method was simply to normalize over the total stellar population
across all 42 simulations, for each magnitude range. The other
methods were to normalize over either an entire metallicity or age
population for each magnitude range. For example, the simulation
11g15 was normalized over the total number of stars with ages
between 11 and 12 Gyr in panels (c) and (d), and normalized with
respect to the total number of stars with metallicities of Z = 0.000 15
in panels (e) and (f).
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brighter magnitudes, whereas over the fainter interval, the metallic-
ity relations in each age range behave very differently. The artificial
exclusions of the AGB, HB, BL and RC stars in our CMDs, which
occur mainly at fainter magnitudes, could be partly responsible for
panels (b), (d) and (f) in Fig. 5 being less smooth than their bright
counterparts. These exclusions were implemented manually for the
most part and could introduce a small degree of inaccuracy into the
data. However, it could not account for the significantly different
AMRs between the two magnitude selection ranges, as evident by
the fact that the metallicity distributions show the opposite trend
(Fig. 6). This is further evidence that observations need to be care-
fully planned to avoid biases introduced by not properly considering
the inclusion or exclusion of the fainter stars. Fig. 6 shows the metal-
licity distributions in a similar manner. The plots in these figures
make obvious that the high-magnitude behaves very differently to
the low-magnitude population, so careful modelling is required to
interpret any observations.
The obvious outliers in panel (e) of both figures represent the
same data point. It demonstrates that the vast majority of metal-rich
red giants (here Z = 0.4) are very young (0.5–1 Gyr).
4 DISC U SSION
We have investigated the relationship between the observational
sample selection of red giant stars and the true metallicity distribu-
tion by simulating 42 CMDs with varying ages and metallicities.
Comparing the number of stars populating each region of the CMD
allowed for the calculation of approximate correction factors to
implement in current models. While the need to account for vari-
able stellar lifetimes was appreciated very early on in the integrated
light study of galaxy spectra (e.g. Renzini & Buzzoni 1986) and
is easily taken into account by the procedures needed to fit whole-
of-population line indices (see for example Trager et al. 2005), the
issues in drawing inferences from samples of individually selected
giants have been explored much less thoroughly.
4.1 Bias corrections applied to real data
The synthetic RGBs constructed here assume a constant SFH and
a flat AMR; thus, the number density contours in Fig. 4 cannot be
applied directly to a real stellar system without first accounting for
the SFH and chemical evolution. Cole et al. (2009) and Dolphin
(2016) have advocated simultaneous modelling of the SFH from
deep-photometry and spectroscopy of a subset of bright stars but
in many cases this is not practical. The age–metallicity contours
in Fig. 4 were constructed using a constant SFH and a flat AMR,
which is equivalent to assuming no chemical enrichment over time,
and no gaps or spikes in the SFR. To apply a correction, the number
of stars in each age band should be scaled by the SFR. Some degree
of knowledge about the SFH is required in order to apply these
corrections, which is a limitation inherent to the use of chemical
evolution probes with finite lifetimes.
4.1.1 Dwarf irregular galaxies
As an example of how to apply and use our corrections, Kirby
et al. (2017) calculated scaling factors for metallicity distributions
of Leo A and Aquarius, based on the SFH and AMR from Cole et al.
(2014) and the simulations presented here. Although the correction
did not have much effect on the Aquarius metallicity distribution,
the mean metallicity of Leo A was calculated to be 0.07 dex lower
than the observed value. The overall shape of the Leo A metallicity
distribution was also affected. Changes in the mean metallicity and
the distribution shape may lead to a different chemical evolution
model being a better representation of the data. In this case, the
corrections to the metallicity distribution of Leo A resulted in the
shape being slightly less peaked, meaning that the pre-enriched
model was more favoured over the accretion model than from the
analysis of the uncorrected data (Kirby et al. 2017, see their fig. 10).
4.1.2 Large magellanic cloud bar
Cole et al. (2005) presented spectroscopic metallicities for 373 red
giants in the Large Magellanic Cloud (LMC) bar, leading to a very
well-defined observed MDF. However, it is reasonable to suppose
that the true MDF differs from this; we are now in a position to
model the difference directly.
Because the SFH of this region of the LMC is well-constrained,
we can use our synthetic RGBs to compare the predicted distribution
of red giants to the observed distribution, as well as to provide a
corrected MDF for chemical evolution modelling (CEM).
Only RGB-phase stars were included in the simulated data. We
adopted a distance modulus of 18.50, also used by Cole et al. (2005).
Hence, the RGB stars in the LMC bar were estimated to be −3 ≤
MI ≤ −2, which sits comfortably within our simulated range. The
373 observed RGBs from Cole et al. (2005) are shown overlaying
the simulated metallicity distribution contours in Fig. 7. We ad-
justed the high-end metallicities following Van der Swaelmen et al.
(2013) and re-derived the ages using the same method as Cole et al.
(2005), but using the PARSEC isochrones (Bressan et al. 2012) for
consistency.
The SFH [which includes the modelled ψ(t) and age–metallicity
relation, derived from broad-band photometry] was taken from Cole
et al. (2009). The predicted distribution of RGB stars for the LMC
bar is in good agreement with the distribution of observed red giants.
At ages less than ≈4 Gyr, the metallicity distribution predicted from
the CMD is broader than the observed MDF, because the SFH de-
rived from broad-band colours does not strongly constrain [Fe/H].
The distribution of RGB ages predicted by our simulations scaled
by the SFH is in good agreement with the distribution of ages pre-
dicted from the RGB colours and metallicities alone. This serves to
emphasize that the observed RGB sample is biased towards young
ages. The median age of the observed sample is 1.9 Gyr while
the median age of star formation is ≈5 Gyr. The predicted metal-
licity distribution of LMC bar red giants suggests that stars more
metal-poor than the peak are under-represented by ≈25 per cent (see
Fig. 8).
4.1.3 Chemical evolution models
Cole et al. (2005) did not fit chemical evolution models to their
sample, but some work was done in this area by Carrera et al.
(2008). In order to overcome the age–metallicity degeneracy in
RGB stars (see Worthey 1994), Carrera et al. (2008) combined
spectroscopy with deep CMD photometry to calculate the ages for
individual RGB stars in the LMC. While this is a good approach in
that the MDF alone is not used to determine the ages, the authors
did directly use the number of RGB stars to determine the SFH,
likely biasing their results against old, metal-poor stars.
We tested the impact of our correction to the MDF derived
above by fitting simple chemical evolution models to the corrected
LMC data following Carrera et al. (2008) (see also Tinsley 1980;
Peimbert, Sarmiento & Colı´n 1994, for original derivations), using
MNRAS 471, 4194–4205 (2017)


4204 E. M. Manning and A. A. Cole
make the conclusions in Kirby, Martin & Finlator (2011c) regarding
gas flows even stronger.
Ross et al. (2015) considered photometric rather than spectro-
scopic measures of the metallicity to examine the MDF of dwarf
galaxies. Traditional methods involving the colour of the RGB as
a function of magnitude are subject to the age–metallicity degen-
eracy, but Ross et al. (2015) neatly circumvent that problem by
considering colour–colour plots, thus isolating metallicity as the
measured parameter. They demonstrate how their method produces
observed MDFs that differ from those measured by Kirby et al.
(2013) based on spectra of individual giants. While their method
samples all giant stars that are present, it still does not account for
the fact, demonstrated here, that their MDFs may still be biased
by the over- or under-representation of stars of differing ages. In
principle their approach could be generalized by using synthetic
colour–colour plots based on isochrones with a wide range of
ages.
However, this is a sample selection correction based on the CMD
distribution of stars and not on their variable lifetimes. It is well
known that metal-rich stars tend to be redder than metal-poor stars
for a given stellar age. For metallicities [M/H] > −1, the RGB tip
no longer occurs at constant I magnitude, so very metal-rich stars
may be under-represented (Reitzel & Guhathakurta 2002). Thus any
selection based on colour could be removing a portion of either the
more metal-rich or metal-poor populations. Ho et al. (2015) investi-
gated some of the biases present in current RGB samples, applying
corrections to their own MDF. While the sample selection is nec-
essary, it does not take the place of the stellar lifetime corrections
derived here.
5 C O N C L U S I O N S
We examined the relationship between an apparent unbiased sam-
ple of red giant stars and the true metallicity distribution of the
stellar population as a whole. Synthetic RGBs based on PARSEC
isochrones were used to produce the expected number distribu-
tion in terms of age and metallicity for a constant SFH and a
flat AMR. We present simple correction factors for over- and
under-represented young to intermediate-age red giants at various
metallicities.
In the case of galaxies where nearby all the stars are older than
≈10 Gyr (e.g. Brown et al. 2014), the mean metallicity and shape
of the MDF will not be strongly affected, even where a broad
ranges of metallicities is present. Applying the corrections to Leo
A in Kirby et al. (2017) suggests that when these biases are taken
into account, conclusions about the history of gas-flows and con-
sumption can be significantly altered. Where many intermediate
age stars are present, the lifetime bias is expected to be more
severe.
We apply our trial corrections to the MDF and AMR of the LMC
bar and show that the distribution of RGB stars based on the pub-
lished SFH is in agreement with the observed distribution, which
is biased towards the younger ages than the typical star. The cor-
rected metallicity distribution shows that metal-poor stars are being
under-represented in the observed sample from Cole et al. (2005).
By updating the parameters used in Carrera et al. (2008), we find
simple accretion and leaky-box models reproduce the shape and
peak value of the metallicity distribution of our corrected stellar
data, whereas applying the best-fitting models from Carrera et al.
(2008) reproduced the overall shape well but the metallicity distri-
bution was shifted towards the metal-rich end.
Ultimately the best results will be obtained by simultaneously
modelling the CMD and red giant MDF to derive the SFH and
AMR in a fully self-consistent way. When this is not possible,
great care must be taken when interpreting RGB metallicities using
CEMs.
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